Abstract: This article reviews the most recent results concerning second harmonic generation (SHG) experiments of non-phase matchable and phase matchable powder samples at high pressures and explains the pressure dependence of the intensity of the SHG signal by correlating it to the ratio between the average coherence length and the average particle size. The examples discussed here include pressure-induced structural changes in quartz, ZnO, ice VII and KIO 3 . It is shown that the second harmonic generation technique is a unique tool for the detection of pressure-induced structural phase transitions. It is laboratory based and allows fast measurements. It is complementary to X-ray diffraction and provides additional information about the presence of an inversion center for unknown or controversially discussed structures at high pressure.
Introduction
If the intense electromagnetic field of a laser interacts with a crystal, the dielectric polarization of a crystal ceases to be a linear response of the incident electric field, and new effects appear. Second harmonic generation (SHG), i.e. the creation of a photon with twice the frequency of two incident photons, was the first nonlinear optical phenomena discovered by Franken et al. [1] , when a ruby laser was employed to illuminate quartz. This observation opened a new research field and was followed by numerous studies of different materials. In 1968 Kurtz and Perry [2] extended the experimental method to studies of powdered samples.
The SHG powder method is an extremely sensitive approach to detect the absence of an inversion center in crystalline structures [2] . The advantage of the method is that only very small amounts of samples are required and that the measurements are fast. Hence, it is widely used to estimate the second harmonic coefficients and for a rapid classification of new materials. Examples of SHG studies of temperature induced phase transitions can be found in Dougherty and Kurtz [3] , Kurtz and Perry [2] , Miller and Savage [4] , and Furusawa et al. [5] . It is also possible to distinguish centrosymmetric and noncentrosymmetric symmetry using piezoelectric, pyroelectric, and ferroelectric effects [6] . However, measurements of those effects are difficult to implement in high pressure experiments.
With respect to SHG measurements, crystals may be classified as either "centrosymmetric", "phase matchable" or "non-phase matchable" [2] . In non-phase matchable crystals, the phases of the fundamental wave (the incident photon with the frequency ω) and the second harmonic wave (with the frequency 2ω) are not matched because the second-harmonic and the fundamental wave propagate with different phase velocities, corresponding to the refractive index and the directions of the second harmonic wave and the fundamental wave [7] . Therefore, the intensity of the generated SHG signal is usually many orders of magnitude lower than the intensity of the fundamental wave. In phase matchable crystals, effective conversions from incident photons to SHG are possible by an appropriate choice of crystal orientation and polarization of the fields, so that the refractive index for the incident and the generated photons are the same. Centrosymmetric crystals generate no SHG intensity. However, if the symmetry is broken locally, e.g. due to the presence of surfaces, strains or defects, nominally centrosymmetric crystals may show SHG. For example, SHG measurements have been presented for surfaces [8] , nanocrystals [9] or BaTiO 3 [10] . Furthermore, crystals which belong to a centrosymmetric space group may have an acentric magnetic structure, and it has been shown by Fiebig et al. [11] that this then allows the detection of a temperature dependent magnetic phase transition, for example in centrosymmetric Cr 2 O 3 , by observation of the temperature dependence of the SHG signal.
In contrast to the numerous temperature-dependent studies, high pressure studies have been presented much less often and there are only very few SHG studies at concomitantly high pressure and high temperature. All high pressure studies employ diamond anvil cells (DAC), as these allow us to study materials under extreme (pressure, temperature) conditions and provide optical access to the sample. A first pressure dependent SHG study in a DAC has been performed on quartz by Pinnick et al. [12] . Later, other studies demonstrated the possibility of SHG measurements for the detection of a pressure induced phase transition on three monoclinic organic compounds [13] , for a phase transition from the zinc blende structure type to the rock salt structure type in ZnSe [14] and for a phase transition from the wurtzite structure type to the rock salt structure type in ZnO [15] and AlN [16] . The high pressure structure of phase IV of HgBr 2 has been determined from X-ray diffraction and the space group of this phase was confirmed by SHG [17] . Kupenko et al. [18] reported unknown high pressure phases of ammonia borane (BH 3 NH 3 ) based on Raman spectroscopy and observed SHG signals up to 130 GPa. Furthermore it was shown that pressure-induced magnetic phase transitions can be detected by SHG [19] .
At high p, T conditions, with p ¼ 45 GPa and T ¼ 1670 K, the SHG method was used to confirm the absence of an inversion center in a high pressure and temperature phase of CO 2 [20] . The possibility to determine the p, T phase boundaries for phases undergoing a transition between a centrosymmetric and an acentric phase has been demonstrated by us [16] . SHG measurements can also be used for the exploration of influence on the transition pressure. For example the influence of deviatoric stress and particle size on the transition pressure of ZnO and AlN is presented in Bayarjargal et al. [15, 21] .
However, while the temperature dependence of the SHG tensor is well described [4, 5, 22, 23] , the pressure dependent behavior of the SHG signal is not well understood [12, 15] .
Here, we present the results of our investigation of the pressure dependent behavior of quartz and ice VII using powder SHG measurements. We discuss the pressure dependence of the SHG intensity using quartz, ZnO and KIO 3 as examples.
Second harmonic generation
In bulk materials, the linear polarisation per unit volume is given by
where (i, j ¼ 1, 2, 3), P l i is the bulk polarisation, ε 0 the vacuum permittivity, χ ij the linear susceptibility, and E ω j is the electric field [7, 24] . For a description of a non-linear response Eq. (1) is expanded by non-linear contributions to the polarisation:
where χ ijk is the second order susceptibility and χ ijkl is the third order susceptibility. Powder samples consist of a large number of randomly oriented crystals. Due to the random orientation, the total SHG intensity of powder samples is equal to the sum of the SHG intensity generated by each single particle. Kurtz and Perry [2] presented an expression for the SHG intensity I 2ω of powder samples as a function of the intensity I ω of the fundamental beam, assuming no absorption:
where
is the angular average of the tensor components of d SHG ijk , λ is the wavelength, c the speed of light in vacuum, r the average particle size, L the sample thickness, l c the average coherence length, and n ω and n 2ω the refractive indices for the fundamental and second harmonic wave, respectively.
The average coherence length (l c ) is defined by Eq. (4):
The dependence of the SHG intensity on the SHG coefficient d SHG av , average coherence length (l c ) and average particle size ( r) has important consequences. If nonphase matched crystals are smaller than l c , according to Eq. (3) the SHG intensity will increase linearly, I
2ω ? rL.
If the crystals are larger than l c the solution to Eq. (3) starts to oscillate. However in a powder with a typical particle size distribution the oscillations will not be observable [2] . Instead, the measured SHG intensity can then be described by the envelope of the oscillation and I 2ω ? Ll 2 c = r. Equation (3) can be also used for a semiquantitative estimation of the d SHG av values [2] . The possibility of a more accurate determination of SHG coefficients was demonstrated using samples with monolayers [25] .
Due to the correlation between particle size and SHG intensity, measurements on samples with a range of grain sizes can be employed to distinguish between materials which are phase matchable and those which are not. Figure 1 illustrates as an example the correlation between SHG intensity and grain size for a non-phase matchable crystal (α-SiO 2 ) and a phase matchable crystal (LiNbO 3 ).
If for a phase matched crystal r % l c , the correlation between particle size and SHG intensity can be described by Eq. (3) and the SHG intensity will increase linearly I 2ω ? rL.
For large phase matched crystals ( r & γ PM =sin θ PM ) the SHG intensity will saturate and become independent of r. The saturated SHG intensity is given by [2] :
SHG PM is the SHG tensor for phase matching, θ PM is the phase matching angle and ρ is the angle between the Poynting vector and the wave vector.
Sample preparation and experimental setup
At ambient pressure it is possible to measure a non-compacted powder, a compacted powder or a powder which is immersed in a liquid of similar refractive index [2] . The latter technique leads to the decrease of the angular scattering, and the SHG intensity increases by one or two orders of magnitude. In DACs, SHG measurements can be performed with or without a pressure medium. If an inert gas is used as a pressure transmitting medium, it is useful to use a well compacted powder sample like that shown in Fig. 2 . Alkali halides can be employed as a pressure medium to purposely induce shear on the sample at high pressures.
Some high pressure experiments have been made without any pressure-transmitting medium. For example, in the SHG measurements of CO 2 [20] , and in our SHG measurements of ice VII described below, no pressure medium was employed. In these cases, the sample thickness is determined by the thickness of the gasket. For a conventional loading, where an inert gas is used as a pressure transmitting medium, a compacted sample with a typical thickness of 5-10 μm is preferable, depending whether or not the sample absorbs the laser light. For strongly absorbing samples it may be necessary to thermally insulate the sample from the diamond. There are established techniques, such as using an alkali halide layer or sapphire plates, which are employed for isolation for laser heating. However, it should be noted that heating of the sample by the laser may be a problem, especially if the transition temperature is close to the ambient temperature, as it is difficult to determine a temperature increase of few ten K in this set-up. Tunable laser sources or optical parametric oscillators can be used to overcome problems measuring absorbing samples or samples with a strong fluorescence. Average particle size r (µm ) Normalized SHG intensity ¼ 2.23315 [37] ). The corresponding calculated average coherence length of quartz is 30 μm. For our measurements, we usually employ BoehlerAlmax [26] type diamond anvil cells. The typical diameters of our compacted samples are 20-50 μm and the sample thickness is typically around 5-10 μm. Samples are placed in gasket holes of about 110 μm diameter, which are drilled into pre-indented (to 40-50 μm thickness) tungsten gaskets. We determine the pressure using the ruby fluorescence method [27] .
The layout of our experimental set-up for powder SHG measurements is shown in Fig. 3 [15] . While we employ a pulsed Nd : YAG or Nd : YLF lasers at 1064 or 1054 nm, respectively, other high powered lasers are equally suitable. For example, in the measurement of CO 2 at high pressures [20] , a continuous Nd : YLF laser was employed, for both heating the sample and providing a fundamental wave for SHG. In our set-up the beam is split by a beam splitter, so that one part of the beam can be directed to the photodiode and serve as a trigger signal. The other beam passes through the DAC containing the sample. Harmonic separators or optical filters are used to separate the fundamental from the second harmonic signals (532 nm or 527 nm) behind the sample. The generated SHG signal is collected with a photo-multiplier. The photomultiplier signal and the trigger signal from the fundamental beam can also be displayed and detected using an oscilloscope. The description of a modified experimental set-up with laser heating can be found in Bayarjargal and Winkler [16] .
The ratio of the sample signal to a reference signal should always be reported in a publication. It is therefore advisable to measure well known reference samples such as KH 2 PO 4 (KDP), LiNbO 3 , quartz (α-SiO 2 ) and Al 2 O 3 .
Examples
4.1 Phase transition of a non-phase matchable crystal: quartz (α-SiO 2 )
At ambient pressure, most SHG efficiencies of powder non-phase matchable crystals are reported with respect to quartz. However, pressure dependent SHG measurements of quartz are important not only in the context of providing a reference, but also with respect to understanding the phase transformation of SiO 2 phases, which is still of fundamental importance for earth science, physics and chemistry. Around 2 GPa, quartz transforms to coesite at equilibrium conditions [28] . At ambient temperature and at 15 GPa, quartz can start to amorphize [29] . The amorphization of quartz or coesite can also occur at higher pressures around 25-35 GPa [30] . However, a single crystal X-ray diffraction study of quartz (in argon) showed no pressure-induced amorphization up to 19.3 GPa [31] . At 21 GPa, the quartz II phase and new lines are observed in a nonhydrostatic pressure medium [32, 33] . The quartz II and the new phase with space group P2 1 =c appeared around 19-21 GPa in a quasihydrostatic pressure medium and both phases persisted stably up to 40 GPa [35] . Prakapenka et al. [34] detected that quartz transforms above 16 GPa to quartz II and above 22 GPa to a monoclinic structure with space group P2 1 =c without amorphization. Around 55 GPa, this monoclinic structure transforms to the CaCl 2 structure and at higher pressures to α-PbO 2 and to pyrite-type (Pa 3) structures [34] .
Pinnick et al. [12] measured the phase transition of quartz with SHG and Raman experiments. A 4 : 1 methanol-ethanol mixture was used as a pressure-transmitting medium. Their measurements show a slight pressure-dependent decrease (À0.3% GPa À1 ) of the SHG intensity up to %22 GPa. Above 22 GPa the SHG intensity decreases drastically. However SHG intensity was still observed up to 31 GPa. This SHG signal was interpreted by Pinnick et al. [12] as an indication of the transformation between quartz I and quartz II. We investigated the phase transformation of quartz by SHG up to 23.7 GPa in KCl. Our data are compared to the results by Pinnick et al. [12] in Fig. 4 . In our study and on increasing pressure up to 15.9 GPa the SHG intensity of quartz decreases with a slope of À1.1% GPa À1 . Between 15.9 GPa and 21 GPa the SHG intensity drops from 0.9 nearly to zero. At 23.7 GPa the SHG intensity remains nearly zero and indicates a phase with an inversion center. Hence, in contrast to the earlier SHG study by Pinnick et al. [12] , our measurements show a phase transi- tion which can be related to either the complete amorphization [29] or to a transformation into the centrosymetric structure P2 1 =c [35] . The difference between the two measurements can be attributed to the different pressure media employed. It would now be interesting to study the behavior in a hydrostatic pressure medium and add temperature as an additional variable. Such measurements are currently in progress.
Phase transition of non-phase matchable crystals: AlN and ZnO
AlN and ZnO are isostructural to wurtzite at ambient conditions, i.e. have the hexagonal, acentric B4 structure type. At ambient temperature and high pressure, they transform into phases with the rocksalt (B1) structuretype. These phase transitions were studied with SHG up to a pressure of 35 GPa in different pressure media [15, 16] . Both compounds show a similar evolution of the SHG intensity with pressure and a typical pressure dependence of the SHG intensity is shown in Fig. 5 . On increasing pressure the SHG intensity increases, and then drops to zero at the phase transition. The pressure dependent SHG signal of ZnO has a slope of 3.9% GPa À1 .
The difference between the two compounds is that the B4 phase of ZnO transforms rapidly into the B1 phase while the transition of AlN is sluggish and both polymorphs of AlN can coexist over a broad pressure range.
Depending on the pressure conditions, it has been suggested that ZnO can go through an acentric tetragonal intermediate iT (I4mm) phase, or a centrosymetric hexagonal intermediate iH (P6 3 /mmc) phase at ambient temperature [36] . The SHG experiments of ZnO in a non-hydrostatic pressure medium show a decrease of the intensity of the SHG signal between 6-9 GPa [15] . This decrease of the SHG intensity has been interpreted by us to indicate the presence of the centrosymmetric iH phase. On the other hand, the positive slope of the intensity of the SHG signal in a hydrostatic pressure medium is due to the formation of an acentric tetragonal intermediate phase iT. These studies profited from the very large SHG coefficients (11.7 and 5.6 pm/V for AlN and ZnO, respectively) which are 20-40 times larger than quartz [37] . This advantage can be efficiently used for the determination of the phase boundaries at high pressure and temperature [16] .
Phase transition of H 2 O (ice VII)
Ice VII has space group Pn 3m and exists at P > 2.1 GPa at ambient temperature [38] . Around 13-15 GPa, Raman measurements [39] of ice VII have shown a minimum in the linewidth of the v 1 ðA 1g Þ mode, which was thought to be correlated with a change in the ordering of the protons. During this pressure-induced change, a new low-frequency band appears at 150 cm À1 [40] . This phase transition of ice VII was investigated by X-ray diffraction by So- mayazulu et al. [41] , who observed a splitting of diffraction lines. They suggested the occurrence of spontaneous deformations near 14 GPa and a decrease of the symmetry from Pn 3m to a lower acentric space group P4 2 22.
In order to further characterize this phase transition, we performed SHG experiments on ice VII (Fig. 6) . On pressure increase, the SHG intensity of ice VII remains nearly zero up to 20.1 GPa. The reference quartz signal was around 350 counts and the ratio between the SHG signal of ice VII and the reference is +1/35. This indicates that the structure of ice VII is either centrosymetric or acentric with a very low SHG coefficient. To exclude the possibility of a acentric structure with a very low SHG coefficient, measurements with different filters or at different laser power can be employed. Any SHG signal can be separated from the background as it depends on the laser power, while the background is independent of the laser power. By variation of the laser power one can reach a very high sensitivity and measure SHG signals with intensities < 1/1000 of a corresponding quartz signal [3] . At ambient conditions we increased the laser power so that the SHG signal was 2200-4500 counts for quartz (Fig. 7a) . With the same increased laser power the SHG intensity of ice VII was measured at 20.1 GPa. The data are presented in (Fig. 7b) . The ratios of the SHG intensity of the sample to that quartz are between 1/220 and 1/450. According the Eq. (3), the SHG intensity is proportional to the intensity of the fundamental beam I 2ω ? I ω . Hence the SHG intensity will increase for increasing laser power for noncentrosymmetric materials (Fig. 7a) . Centrosymetric Al 2 O 3 and ice VII at 20.1 GPa did not show any correlation between the SHG signal and the laser power (Fig. 7b) , and hence we conclude that if there is a phase transition in ice VII, the new polymorph has a centrosymetric structure above 14 GPa. The acentric space group suggested earlier [41] can be ruled out.
Phase transition of phase matchable crystal: KIO 3
At ambient conditions KIO 3 crystallizes in space group P1. KIO 3 is a phase matchable crystal and shows signifi- cant non-linear optical effects [42, 43] . Due to the low symmetry, crystal growth and the characterization of physical properties are difficult.
From SHG measurements, it became obvious that around 7 GPa KIO 3 transforms to a first acentric high pressure phase and at 14 GPa there is a second pressureinduced structural phase transition [44] (Fig. 8) . The presence of strong SHG signals shows that all high pressure phases are acentric. The high-pressure behaviour of KIO 3 was then studied up to 30 GPa using X-ray diffraction, Raman spectroscopy, density functional-theory based calculations and SHG experiments [44] and the crystal structure of the first high pressure phase was solved from single crystal X-ray diffraction experiments. While the structure of the second high pressure phase currently is unsolved, it is clear that it is an acentric structure. The influence of the deviatoric stress on the transition is significant and can be easily determined using SHG [44] .
Discussion and conclusion
We have demonstrated here that the pressure dependence of SHG intensities of non-phase matchable crystals can differ qualitatively. For quartz, we observed a pressure-induced decrease (Fig. 4) while for ZnO the SHG signal increases on increasing pressure (Fig. 9) . To understand which factors determine whether there will be a negative or positive pressure dependence, we calculated the normalized SHG intensity of powder samples as a function of average particle size r for ZnO and quartz using Eq. (3) (Fig. 9) . In DAC experiments, the sample thickness is around 5-10 μm, which is smaller than the average coherence length of quartz, as quartz has an average coherence length (l c ) of 30 μm (Fig. 1) . Hence according to equation 3, the SHG intensity of quartz is proportional to I 2ω ? Ll 2 c =r and decreases with decreasing particle size. In contrast to this, the average coherence length of ZnO is 3 μm and is smaller than the average particle size. Hence the SHG intensity will increase linearly by I 2ω ? rL. In other words, the ratio between the average coherence length and the average particle size determines the slope of the pressure dependence of the SHG signal of non-phase matchable crystals. In Fig. 9a ), the shaded area around 10 μm delineates approximately the area for which the pressure depend- ¼2.04636 [37] ). The calculated average coherence length of ZnO is 3 μm. The shaded grey area delineates approximately the area (Fig. 9b) for which the pressure dependence of the SHG signal was calculated taking into account the bulk moduli. b) Calculated relative SHG intensity of a ZnO (dashed line) and quartz (solid line) as a function of the pressure.
ence of the SHG signal was calculated more accurately. For the accurate calculation (Fig. 9b) we considered that the crystals have an average particle size 10 μm at 0 GPa, but will become smaller due to compression. Taking into account the corresponding bulk moduli B ZnO ¼ 183(7) GPa [45] and B SiO2 ¼ 38.7 GPa [31] the average particle sizes at 10 GPa are r ZnO ¼ 9.95 μm and r SiO 2 ¼ 9.90 μm. For quartz, the calculation gives a slope of À0.4% GPa À1 in good agreement with the experimental values of À0.3% GPa
À1
[12] and À1.1% GPa À1 . For ZnO the model calculations yielded a slope of 0.2% GPa À1 , which is one order of magnitude smaller than the experimentally determined value of 3.9% GPa À1 . Hence, the pressure dependence of SHG signal of quartz can be completely explained by the influence of the particle size while this is not the case for the pressure dependence of the SHG signal of ZnO. However, the ratio between the the average coherence length and the average particle size of ZnO defines the sign of the slope. According to Fig. 1 and Eq. (4) the SHG intensity of a phase matchable crystal will decrease or remains constant for decreasing particle size. The example of the phase matchable crystal of KIO 3 shows that on pressure increase the SHG intensity did not change up to the first phase transition and then drops continuously (Fig. 8) . Therefore the slope of pressure dependence of the SHG intensity depends also on the ratio between the the average coherence length and the average particle size of phase matchable crystals.
In summary, we performed SHG experiments in nonphase matchable crystals and phase matchable crystal and explained the observed pressure dependence of the SHG intensity with the correlation of the average particle size. We have shown that SHG is an efficient and accurate tool for the detection of phase transitions between centrosymmetric and acentric phases. It is a laboratory based technique, which can be employed for high pressure studies at low, ambient and high temperatures. It is complementary to X-ray diffraction as it provides additional information about the presence of an inversion center. With the availability of optical parametric oscillators or other tools to provide tunable laser light, it can be employed also for strongly absorbing samples. Hence we believe that this technique will become increasingly useful in studies of structure-property relations in the near future.
